ABSTRACT: Visual motion is sensed by low-level (energy-based) and high-level (feature-based) mechanisms. Our interest is in the motion detectors underlying the initial ocular following responses (OFR) that are elicited at ultrashort latencies by sudden motions of large images. OFR were elicited in humans by applying horizontal motion to vertical square-wave gratings lacking the fundamental. In the frequency domain, a pure square wave is composed of the odd harmonics-first, third, fifth, seventh, etc.-such that the third, fifth, seventh, etc., have amplitudes that are one-third, one-fifth, one-seventh, etc., that of the first, and the missing fundamental stimulus lacks the first harmonic. Motion consisted of successive quarter-wavelength steps, so the features and 4n؉1 harmonics (where n ‫؍‬ integer) shifted forward, whereas the 4n؊1 harmonics-including the strongest Fourier component (the third harmonic)-shifted backward (spatial aliasing). Thus, the net Fourier energy and the non-Fourier features moved in opposite directions. Initial OFR, recorded with the search coil technique, had minimum latencies of 60 to 70 ms and were always in the direction of the third harmonic, for example, leftward steps resulted in rightward OFR. Thus, the earliest OFR were strongly dependent on the motion of the major Fourier component, consistent with mediation by oriented spatiotemporal visual filters as in the well-known energy model of motion detection. Introducing interstimulus intervals of 10 to 100 ms (during which the screen was uniform gray) reversed the initial direction of tracking, consistent with extensive neurophysiological and psychophysical data suggesting that the visual input to the motion detectors has a biphasic temporal impulse response. KEYWORDS: visual motion; energy-based mechanisms; biphasic temporal impulse response; missing fundamental
gives rise to the well-known waterfall illusion in which the observer experiences a sensation of motion without displacement. (In fact, there is some perceived displacement, but much less than the apparent motion. 3 ) This system is low-level, utilizing dedicated local motion sensors, and functions without regard to form or perceptual features. Many computational models of this process have been suggested and the so-called motion-energy model of Adelson and Bergen 4 has been particularly influential. These authors developed the idea that motion is sensed by spatiotemporal filters that are oriented in x-t space and tuned for spatial frequency. 5, 6 (One study 7 reported motion between dissimilar spatial frequencies, but used images of high contrast-0. 48 -leaving open the possibility that the motion was mediated by distortion products.) Such models are critically sensitive to the Fourier components of the motion stimulus, which must be defined by luminance. However, it is possible to design moving stimuli that lack motion energy and are invisible to these low-level motion sensors-being defined not by luminance but by contrast, disparity, or flicker, for example-and yet we have no problem seeing the motion of such stimuli. This indicates that there must be additional, higher-level systems by which we can sense motion, and these are thought to track the movement of particular features of the image, such as edges, bright areas, shapes, and so forth.
The distinguishing characteristics of these two motion-sensing systems are sometimes controversial, and various descriptors have been used: "short-range" versus "long-range," 8 "first-order" versus "second-order," 9 "Fourier" versus "nonFourier," 10 "passive" versus "active," 11 and "energy-based" versus "feature-based" or "correspondence-based." 12 Lu and Sperling 1, 13, 14 contend that there are three separate motion systems and invoke a "third-order" ("figure-based") system that, they argue, is slower than the others and heavily dependent on attention.
Our interest here is in the motion detectors underlying the initial ocular following responses (OFR) that can be elicited at ultrashort latencies by sudden motion of a large textured pattern. 15, 16 On the one hand, initial OFR have the spatiotemporal properties expected of low-level motion detectors and show clear reversal with "reverse-phi motion," 17 one of the hallmarks of an energy-or Fourier-based mechanism. On the other hand, a study of the initial OFR of one monkey reported that the responses to moving images that were defined by contrast-modulated dynamic noise (pure second-order motion) were virtually identical to those defined by sinusoidal luminance gratings (first-order motion) except for a slightly longer latency (average difference, 10.8 ms). 18 This was the case even at low contrast (<5%), suggesting that the sensitivity to second-order motion was not simply due to distortion products that rendered the contrast-defined motion visible to the same mechanism that senses first-order luminance-defined motion. (Note that contrast-modulated noise contains spatial Fourier components in the luminance domain, but along any given axis these cancel, and hence would be invisible to the low-level energy-based mechanism. Such stimuli are said to be "drift-balanced." 10 However, the visual system has a compressive nonlinearity so that with high contrast the locally averaged luminance will now modulate and hence appear in the Fourier spectrum. For discussion of these technical issues, see Derrington, 19 and Smith and Ledgeway. 20 ) Also, higher-order stimuli in the form of moving stereograms (generated with dynamic random dots to eliminate monocular motion cues) elicit vigorous optokinetic nystagmus (OKN), 21, 22 though the latency of these responses is not known, hence it is unclear whether such stimuli will generate OFR at the usual short latency for this response. Given this evidence indicating that moving second-order motion can elicit tracking eye movements, it is puzzling that Harris and Smith, 23 working on humans, reported only very poor OKN in response to sustained, high-contrast, second-order motion stimuli (again defined by contrast-modulated dynamic noise), though these same authors later showed that low-contrast second-order motion stimuli in the form of flicker frequency-modulated noise were a little more effective and, when combined with first-order motion stimuli, modulated the OKN elicited by the latter. 24 There is also clear evidence that OKN 25, 26 and the very earliest OFR 27, 28 are very sensitive to binocular disparity, with a preference for images moving in the plane of fixation, findings that led to the suggestion that the underlying motion detectors are disparity-selective and hence not as primitive as previously supposed. However, the motion stimuli in the OFR experiments were luminance-defined and hence first-order. The same is true of the Type I moving-plaid stimuli constructed from two sinusoidal gratings differing in orientation by 90º, which Masson and Castet have shown generate short-latency OFR in the direction of the vector average of their local Fourier motion. 29 However, unikinetic plaids consisting of two sine-wave gratings, one that is horizontal and moves vertically while the other is oblique (45º) and remains stationary, generate OFR with two components: the initial response with ultrashort latency is purely vertical (i.e., in the direction of the first-order Fourier motion), and after about 20 ms an additional horizontal component (i.e., in the direction of second-order pattern motion) begins to emerge. 29 In all of these studies, the motion stimuli were either brief (duration <200 ms) or, when prolonged, measures were often taken to prevent subjects from actively pursuing elements in the moving patterns (e.g., by defining the moving stimuli with dynamic random dots, and/or excluding moving images from the foveal region). This is necessary because it is clear that subjects can use attentive pursuit to track a variety of discrete second-order motion stimuli. [30] [31] [32] 
THE MISSING FUNDAMENTAL STIMULUS: EVIDENCE FOR A MOTION-ENERGY MECHANISM
We have recorded the initial OFR elicited by an apparent-motion stimulus whose features and principal Fourier component move in opposite directions. This stimulus, variously termed a fluted square wave or a square wave with a missing fundamental (and referred to here as "the missing fundamental stimulus"), is constructed by subtracting the fundamental sine-wave component from a square wave. FIGURE 1 shows the luminance spatial profiles for one-dimensional grating patterns consisting of a square wave, a sine wave with the spatial frequency of the fundamental, and the missing fundamental stimulus. These patterns are seen through a fixed window and when any of them moves smoothly, say rightwards, then it is perceived to move to the right. Clearly, there is nothing surprising about that. However, if this movement is in discrete, quarter-wavelength steps, then the square wave and sine wave are perceived to move veridically (i.e., with apparent motion to the right), but the missing fundamental stimulus is generally seen to move to the left. 4, 7, [33] [34] [35] [36] Thus, with quarter-wavelength steps the missing fundamental stimulus is perceived to move in the reverse direction of its actual motion. The usual explanation is that the first-order motion detectors responsible for the perception here do not sense the motion of the raw images (or their features), but rather a spatially filtered version of the images, so that the perceived motion depends critically on the Fourier composition of the spatial stimulus. In the frequency domain, a pure square wave is composed entirely of the odd harmonics-the first, third, fifth, seventh, etc.-with progressively decreasing amplitudes such that the third, fifth, seventh, etc., have amplitudes that are one-third, one-fifth, one-seventh, etc., that of the first. Accordingly, the missing fundamental stimulus lacks the first harmonic and so is composed entirely of the higher odd harmonics, with the third having the lowest spatial frequency and the largest amplitude ( see FIG. 1 ). This means that when the missing fundamental stimulus steps one-quarter of its wavelength, the largest Fourier component, the third harmonic steps threequarters of its own wavelength in the forward direction. However, a three-quarter wavelength forward step of a sine wave is exactly equivalent to a quarter-wavelength backward step, and, because the brain gives greatest weight to the nearest image matches (spatial aliasing), the perceived motion is invariably in the backward direction ( see FIG. 2 ). (A similar explanation underlies the wagon wheels that seem to rotate backwards in old western movies.) In fact, with quarter-wavelength steps of the missing fundamental stimulus, all of the 4n-1 harmonics (where n is an integer), such as the third, seventh, eleventh, etc., shift in the backward direction, whereas all of the 4n+1 harmonics, such as the fifth, ninth, thirteenth, etc., shift in the forward direction, and it seems that the most prominent component-the third harmonic- generally wins. (It has been suggested 34 that this is a form of motion capture, whereby the largest and/or lowest spatial frequency component somehow suppresses the influence of all other components. 37 ) For our present purposes, the important point here is that the direction of apparent motion is generally determined by the principal Fourier component, consistent with the idea that the underlying detection mechanism is energy-based rather than feature-based.
In view of the controversy surrounding the motion detectors underlying the initiation of OFR, we used the missing fundamental stimulus to determine whether the FIGURE 2. Successive images of the missing fundamental motion stimulus used in the present study. Top: In the example shown, the luminance profiles of successive images shifted rightward by one-quarter wavelength, as indicated by the circles and arrows; plots at left show luminance as a function of horizontal spatial position (x-lum plot) and plots at right show a single horizontal slice through the stimulus at successive points in time, as though the stimulus was viewed through a stationary horizontal slit (x-t plot). Bottom: The luminance profiles for the third harmonic component of the missing fundamental stimulus, which steps three-quarters of its wavelength rightward with the appearance of each new image (see successive circles linked by arrows); these steps cannot be distinguished from quarter-wavelength steps leftward (see successive black dots linked by arrows). In fact, when a pure sinusoid with the wavelength of the third harmonic undergoes such steps it is invariably perceived to move leftwards, indicating that the brain gives greatest weight to the nearest matching images.
earliest OFR are energy-based and/or feature-based. Accordingly, OFR were elicited in human subjects by applying horizontal motion in discrete steps to vertical squarewave grating patterns lacking the fundamental. Successive steps, each one-quarter of the pattern's wavelength, were applied every 10 ms for 200 ms. Initial OFR, recorded from three human subjects with the search coil technique, had minimum latencies of 60 to 70 ms and were invariably in the direction of the third harmonic over a wide range of wavelengths (0.4 to 7.5 deg/cycle) and contrasts (2.4% to 75.4%). A sample response profile from one subject is shown in FIGURE 3: successive 1.65-degree rightward steps were applied to a grating of wavelength 6.6 deg/cycle and resulted in leftward OFR (downward deflection in the figure; see the trace labeled "MF," indicating the "Missing Fundamental" stimulus). The same rightward steps applied to a pure sine-wave grating whose wavelength was the same as that of the missing fundamental resulted in clear rightward OFR, exactly as expected because both the motion energy and the features undergo rightward steps (see the trace labeled "F," for FIGURE 3. The initial horizontal OFR resulting from successive rightward steps applied to various types of vertical grating pattern. Trace MF: the OFR generated when the missing fundamental stimulus (wavelength, 6.6 deg) underwent quarter-wavelength steps (1.65 deg). Trace F: the OFR when steps of the same magnitude (1.65 deg) were applied to pure sine-wave gratings that had the same spatial frequency as the fundamental. Trace 3F: the OFR when steps of the same magnitude (1.65 deg) were applied to pure sine-wave gratings that had three times the spatial frequency of the fundamental. Note that the responses to the missing fundamental stimulus strongly resemble those to the 3F grating (and that the contrast of the 3F component of the missing fundamental stimulus was the same as that of the pure 3F sine-wave stimulus-8%). The cartoons at the right show x-t plots of the stimuli. "Fundamental," in FIG. 3) . If the response generated by the missing fundamental stimulus is due primarily to the shift in the third harmonic, then we would expect to see a very similar response when the same rightward steps were applied to a pure sinewave grating whose spatial frequency was three times that of the missing fundamental stimulus and, indeed, this was the case (see the dotted trace labeled "3F," for "third harmonic," in FIG. 3) . Note that the contrast of the MF was arranged to be 18.8%, so that its third harmonic had a contrast that was the same as that of the 3F sine wave (8%). Thus, the earliest OFR were strongly dependent on the motion of the major Fourier component, consistent with mediation by oriented spatiotemporal visual filters, as in the well-known energy model of motion detection.
THE EFFECT OF AN INTERSTIMULUS INTERVAL: EVIDENCE FOR A BIPHASIC TEMPORAL IMPULSE RESPONSE
Georgeson and Harris 35 examined the direction of perceived motion associated with quarter-wavelength steps applied to missing fundamental gratings and found that it could be reversed by introducing interstimulus intervals (ISI) of more than 40 ms, so that the motion was now perceived to be in the direction of the pattern or feature. In this situation, the display goes blank (i.e., the pattern contrast is reduced to zero and the luminance is maintained at the same mean level) between each quarterwavelength step of the missing fundamental stimulus for a period of at least 40 ms. The authors suggested that the ISI disabled the energy-based mechanism and uncov- Interposing an ISI (of 30 ms) reversed the OFR resulting from quarterwavelength steps applied to a pure sine-wave grating. Rightward steps with no ISI generated rightward OFR (continuous trace) and the same steps with a 30-ms ISI generated leftward OFR (dotted trace). ered a feature-based one. A number of other authors have also advanced this same explanation for the reversal of perceived motion by an ISI. 2, 36, 38, 39 Consistent with these observations we have found that the initial OFR to quarter-wavelength steps applied to missing fundamental stimuli are reversed by an ISI of 10 to 100 ms. However, we have a rather different interpretation, because we found that such ISI also reversed the initial OFR when quarter-wavelength steps were applied to pure sine waves. Sample response profiles for one subject are shown in FIGURE 4: the responses to quarter-wavelength rightward single steps of a sine-wave grating ("two-image movie") resulted in the expected rightward initial OFR, albeit very transient (note the initial upward deflection of the continuous trace labeled "0 ms" in FIG. 4) , and interposing a blank period of 30 ms (ISI) between the two missing-fundamental images resulted in a clear reversal of the direction of the initial OFR (note the initial downward deflection of the dotted trace labeled "30 ms" in FIG. 4) . The reversal of tracking here cannot be explained by a feature-based mechanism because the features of a pure sine wave shift in the same direction as its Fourier energy. Instead, we attribute the reversal in the direction of the initial tracking to the temporal characteristics of the neural input reaching the motion detectors. Thus, neurophysiological data [40] [41] [42] from early in the visual pathway (e.g., retina, lateral geniculate nucleus, striate cortex) and psychophysical data [43] [44] [45] [46] [47] indicate that, with the low spatial frequencies and photopic conditions used in our experiments, many of the visual responses reaching the motion detectors have a biphasic temporal impulse response ( see FIG. 5A) . A critical feature of this temporal-filter hypothesis, which is illustrated in FIGURE 5B, is that the neural representation of the first image undergoes reversal during the ISI. Because of this, the neural representation of the second imagewhose appearance marks the onset of motion-is matched to a representation of the first image that is positive at short ISI and negative (i.e., inverted) at longer ones ( see  FIG. 5B) . Thus, at short ISI, the second image is matched to a direct replica of the first image, whereas at long ISI the second image is matched to an inverted replica of the first image, which is equivalent to a 180º phase shift. As a consequence, the quarter-wavelength difference between the first and second images is seen as a 90º phase shift in the forward direction at short ISI and a 90º phase shift in the backward direction at long ISI ( see FIG. 5C ). The net result is that initial OFR are in the forward direction with short ISI and in the reverse direction with longer ISI. Actually, the reversed responses reach a maximum with an ISI of about 40 ms and return to baseline when the ISI reaches about 100 ms (not shown), presumably because this is the maximum time over which the low-level motion detectors can integrate motion.
In sum, the reversal of the initial OFR with ISI greater than 10 ms seems to be readily accounted for by the known biphasic temporal impulse response function of the early visual pathway, especially the so-called magnocellular pathway that has been implicated in the motion responses in cortical areas MT and MST 42, [48] [49] [50] [51] (but see De Valois and colleagues, 41, 42 who make a case for the parvocellular pathway also being involved), which have in turn been strongly implicated in the genesis of the earliest OFR. [52] [53] [54] [55] Interestingly, it has been reported that with high-contrast sinewave gratings, motion can still be perceived with ISI >100 ms and is always in the forward direction. 47 This was attributed to a feature-based mechanism and it is significant that initial OFR showed no such tendency in our study, further reinforcing the idea that the eye movements result entirely from an energy-based detection mechanism. We have employed complex visual gratings that have long been used by visual psychophysicists to study the mechanisms by which we sense visual motion. These stimuli are relatively novel to oculomotor research and have allowed us to uncover some new aspects of the spatiotemporal characteristics of the motion detectors mediating early OFR. Our preliminary data on OFR point to low-level mechanisms and indicate that initial OFR is a promising model system for studying the neural mechanisms sensing first-order motion energy.
